Background: SHH signaling is an important growth-stimulating factor in diverse cancers. Results: MID1 catalyzes ubiquitination and proteasomal cleavage of Fu. Conclusion: The MID1-PP2A complex regulates the activity of the SHH effector GLI3 in cancer cell lines by regulating proteasomal cleavage of Fu. Significance: Understanding the molecular mechanisms underlying tumorigenesis is crucial for developing therapeutic approaches to treat cancers.
SHH (Sonic Hedgehog
. In Drosophila, the cytosolic transduction of the Hh signal involves a microtubule-associated protein complex containing Fu (Fused), the GLI family transcription factor Ci (Cubitus Interruptus), the kinesin-like protein Cos2 (Costal2), and SuFu (Suppressor of Fused) (reviewed in Ref. 4) . Upon Hh stimulation, the Fu kinase gets phosphorylated and thereby activated, enabling it to phosphorylate Cos2 at two different positions (5, 6) . Phosphorylation of Cos2 leads to the release of the entire protein complex from the microtubules. Ci maturates into a transcriptional activator and translocates into the nucleus, where it stimulates transcription of Hh target genes.
Although Hh signaling seems more complex in mammals, several elements of the Hh pathway are highly conserved throughout species. Three homologues of Hh (SHH (Sonic Hedgehog), DHH (Desert Hedgehog), and IHH (Indian Hedgehog) (7)), two Ptch homologues (PTCH1 (Patched 1) and PTCH2 (Patched 2) (8)), and three Ci homologues (GLI1, GLI2, and GLI3) (9, 10) have been identified in mammalian cells (3, 4) . Also, a human orthologue of the Fu kinase (11) has been discovered. However, transduction of Hh signals and in particular the function of the mammalian Fu kinase seem to differ substantially from Drosophila and are discussed controversially in the literature. Some studies have suggested that human Fu enhances the activator function of GLI proteins similar to its role in Drosophila (11) (12) (13) . Fu knock-out mice, however, do not display typical SHH deficiency phenotypes. Instead, they develop normally until birth, but fail to thrive within the first week, and develop severe growth retardation and hydrocephalus. They die within the first 3 weeks after birth (14, 15) .
These data show that although Fu is dispensable for Hh signaling during embryogenesis, its fundamental function evolves after birth, suggesting two different mechanisms of Hh signal transduction in mammals: one is Fu-dependent and important for the regulation of growth and brain formation after birth, and a second one is Fu-independent and either solely responsible for embryonic Hh signaling or at least able to back up for the Fu-dependent pathway in embryonic tissues.
Likewise, mechanisms leading to the activation of mammalian GLI proteins are much less well understood than in Drosophila. As we have shown previously, a protein complex consisting of the microtubule-associated ubiquitin ligase MID1, the ␣4 protein, and protein phosphatase 2A (PP2A) 2 regulates the nuclear localization and transcriptional activity of one of the three transcriptional effector molecules of mammalian SHH signaling, GLI3, in cancer cell lines with autonomously activated SHH signaling (16, 17) . Via its ubiquitin ligase activity, the RING finger protein MID1 targets PP2A toward ubiquitindependent degradation by the proteasome and thereby decreases PP2A activity at the microtubules (18) . Furthermore, we found that MID1 activity is fundamental for the maturation of GLI3 into a transcriptional activator. However, the exact molecular mechanisms that mediate the interaction between MID1 and GLI3 remain unknown.
Here we show that in mammalian cells, the kinase domain of Fu is cleaved off upon ubiquitination of Fu leading to the expression of a 90-kDa fragment. We further show that this ubiquitination is mediated through interaction of Fu with the MID1 ubiquitin ligase, which targets Fu toward Lys 6 , Lys 48 , and Lys 63 ubiquitination. Blockage of the proteasome leads to a significant increase in abundance of full-length Fu compared with the 90-kDa fragment. Likewise, knockdown of MID1 leads to a remarkable reduction of the 90-kDa fragment. Together with the observation that knockdown of Fu, as well as inhibition of the proteasome, significantly decreases nuclear GLI3, whereas overexpression of ⌬kinase Fu increases nuclear localization and activity of GLI3, these data suggest that Fu and its ubiquitination and cleavage are key elements connecting the MID1 protein complex with GLI3 activity control.
EXPERIMENTAL PROCEDURES
Immunofluorescence-For immunofluorescence experiments, HeLa or U373MG cells were plated on coverslips (in 6-well plates) at a density of 1 ϫ 10 5 cells/well 1 day before transfection. Cells were transfected with the respective plasmids using Polyfecttransfectionreagent(Qiagen)accordingtothemanufacturer's instructions. Twenty-four hours after transfection, cells were fixed with 3.7% paraformaldehyde in PEM buffer (10ϫ PEM contains 1 M Pipes, 0.05 M EGTA, 0.02 M MgCl 2 , pH 7.0). The GFP-GLI3 signal distribution in individual cells occurred in three patterns: exclusively nuclear fluorescence, evenly stained throughout the cytosol and nucleus, or predominantly cytosolic fluorescence. 100 transfected cells per coverslip were counted and classified in one of the three groups. Each experiment was repeated in triplicate. The data shown represent means Ϯ S.D. scored per group from three independent experiments of 100 cells each. Statistical significance was evaluated using TTest (two-tailed, homoscedastic) or one-way analysis of variance with post hoc Dunnett's test to accommodate for multiple comparisons.
Transfection and Western Blotting-1 ϫ 10 5 HeLa cells/well of a 6-well plate were seeded 24 h prior transfection. Transfections with the respective plasmids were performed using Polyfect transfection reagent (Qiagen) according to the manufacturer's instructions. For analysis of total cell lysates 48 h after transfection, cells were lysed in 2ϫ Magic Mix (48% urea, 15 mM Tris-HCl, 8.7% glycerol, 1% SDS, 0.004% bromphenol blue, 143 mM ␤-mercaptoethanol). Samples were denatured at 95°C, separated on SDS gels, and blotted on PVDF membranes (Roche).
Knockdown Experiments-Twenty-four hours before transfection, HeLa cells were seeded into 6-well plates at a density of 1 ϫ 10 5 cells/well. Cells were transfected with 1.3 g of synthetic siRNA per well using Oligofectamine (Invitrogen) according to the manufacturer's instructions. Sequences of siRNAs are listed in Table 1 .
Real Time PCR-Twenty-four hours before treatment, HeLa cells were seeded at a density of 1 ϫ 10 5 cells/well of a 6-well plate. Cells were transfected with siRNAs as described. Total RNA was isolated using an RNeasy mini kit (Qiagen) following the manufacturer's instructions. cDNA was synthesized using the TaqMan reverse transcription reagents kit (Applied Biosystems), and real time PCR was carried out using the SYBRGreen PCR master mix (Applied Biosystems) according to the manufacturer's instructions with an ABI 7900HT cycler under the following conditions: 50°C for 2 min, 95°C for 10 min, [95°C for 15 s, and 60°C for 1 min] for 40 cycles and then a dissociation stage of 95°C for 15 min, 60°C for 15 min, and 95°C for 15 min. Sequences of primers are listed (Table 2) .
Luciferase Reporter Assay-4 ϫ 10 4 HeLa cells/well of a 12-well plate were seeded 24 h prior transfection. Reporter plasmids containing eight GLI binding sites linked to firefly luciferase (1.5 g of DNA/well) were co-transfected with GFP-GLI3 constructs (1 g of DNA/well) and Renilla luciferase (1 ng of DNA/well) for normalization. Transfections with the respective plasmids were performed using JetPEI (Polyplus Transfections) according to the manufacturer's instructions. The reporter assays were carried out using the Dual-Luciferase Reporter 1000 assay system (Promega) following the manufacturer's instructions. Luciferase intensities were measured in a Centro Luminometer LB 960 (Berthold).
Immunoprecipitation-For immunoprecipitation experiments, HeLa cells were plated in 75-cm 2 flasks at a density of 8 ϫ 10 5 1 day prior to transfection. Cells were transfected with the respective plasmids using JetPEI transfection reagent (Polyplus Transfections) according to the manufacturer's instructions. 48 h after transfection, the cells were lysed by sonication in IP buffer (containing 50 mM Tris, pH 7.5, 2.5 mM MgCl 2 , 100 mM NaCl, 1 mM DTT, PhosStop (phosphatase 
Fu CAAATCCAAAGTCACAGAGCTTGA inhibitor mixture; Roche), complete (protease inhibitor mixture; Roche)). Immunoprecipitation was carried out using either protein G-Agarose (Roche) combined with anti-V5 (Invitrogen) or anti-HA (Covance) antibodies or anti-FLAG M2 agarose (Sigma) following the manufacturer's instructions. Mass Spectrometry-SDS gels of immunoprecipitates were stained with Imperial Protein Stain (Pierce). The bands of interest were excised, trypsinized, and analyzed by chromatographic separation on a LC Packings 75-m PepMap C18 column (Dionex, Idstein, Germany) using a capillary liquid chromatography CapLC system delivering a gradient to formic acid (0.1%) and acetonitrile (80%). Eluted peptides were ionized by electrospray ionization on a Q-TOF hybrid mass spectrometer (Micromass, Manchester, UK). The mass spectral data were processed into peak lists containing m/z value, charge state of the parent ion, fragment ion masses, and intensities and correlated with the SwissProt database using Mascot software (19) .
Constructs-Either the full-length Fu cDNA (coding for amino acids 1-1315), Fu cDNA coding for amino acids 441-1315, or Fu cDNA coding for amino acids 1-447 was PCRamplified on the clone IRAKp961P0834 (RZPD) and cloned either into the V5 tag multiple cloning side of pBUDCE4 (Invitrogen) using the restriction enzymes NotI and BglII or into the multiple cloning site of pTL1-HA2 (a derivative of the pSG5-vector (Stratagene), in which a SV40 early promoter and a multiple cloning site with an upstream HA epitope has been inserted, kindly provided by E. Wanker) using the restriction enzymes EcoRV and BglII. For expression in Escherichia coli, either the full-length Fu cDNA, or the Fu cDNA coding for amino acids 351-450 were PCR-amplified and cloned into the multiple cloning site of the pET-32a(ϩ) vector (Novagen) using the restriction enzymes (EcoRV and HindIII for full-length Fu or SalI and NotI for amino acids 351-450). The full-length MID1-cDNA was PCR-amplified and cloned into the multiple cloning site of the vector pCMVTag2A (Stratagene) using the restriction enzymes HindIII and EcoRI. A MID1 deletion construct lacking the sequence coding for amino acids was synthesized by usage of the QuikChange site-directed mutagenesis kit (Stratagene) following the manufacturer's instructions. The full-length ubiquitin-cDNA was PCR-amplified and cloned into the p3xFLAG-CMV10-vector (Sigma) using the restriction enzymes HindIII and BamHI. The amino acid changes K48R, K63R, and KO (all lysines mutated to arginine) were inserted into this construct by mutagenesis. HAtagged wild type or mutant ubiquitin was cloned into the pcDNA-vector (these constructs were kindly provided by A. Trockenbacher).
Fu Expression in E. coli and Purification-N-terminal Histagged Fu was expressed in E. coli BL21-CodonPlus(DE3)-RIL under standard conditions. Cell pellets were resuspended in binding buffer (50 mM sodium phosphate, pH 8.0, 300 mM NaCl, 20 mM imidazole) and lysed with a French press. The extract was centrifuged at 12,000 rpm for 30 min at 4°C. Purification of His-Fu was carried out using nickel-nitrilotriacetic acid-agarose (Qiagen). After binding of the protein to the nickel-nitrilotriacetic acid-agarose, the column was washed with wash buffer (50 mM sodium phosphate, pH 6.0, 300 mM NaCl, 20 mM imidazole, 10% glycerol, 0.25% Tween 20) and finally eluted with imidazole. All buffers contained 20 mM imidazole for enhanced stringency, the elution buffers contained 250 -500 mM imidazole and 10% glycerol for more stable solubility. All fractions were analyzed on a SDS-PAGE and finally pooled.
Fu Antibody-A Fu peptide spanning amino acids 351-450 was expressed in E. coli and purified as described. After dialysis of the purified peptide against PBS, the peptide was used for immunization of a rabbit (Biogenes). The Fu-specific antibodies were affinity-purified from the rabbit serum using a SulfoLink coupling gel (Pierce) column that was coated with the Fu peptide.
In Vitro Ubiquitination-HEKT cells were plated in 150-cm 2 flasks at a density of 2 ϫ 10 6 1 day prior transfection. Cells were transfected with the respective plasmids using JetPEI transfection reagent (Polyplus Transfections) according to the manufacturer's instructions. 48 h after transfection cells were lysed by sonication in IP buffer (containing 50 mM Tris, 100 mM NaCl, 5 mM MgCl 2 , 1 mM DTT, Complete (protease inhibitor mix; Roche), 0.5% Nonidet P-40). Immunoprecipitation was carried out using protein G-Agarose (Roche) and anti-HA antibodies (Covance) for HA-Fu or anti-FLAG M2 agarose (Sigma) for MID1-FLAG following the manufacturer's instructions. Peptide elution of FLAG-MID1 was done using FLAG peptides (Sigma) following the manufacturer's instructions. For in vitro ubiquitination, we used the ubiquitinylation kit (Biomol) following the manufacturer's instructions.
RESULTS

Fu Regulates the Subcellular Localization and
Transcriptional Activity of GLI3-As we have reported previously, the MID1-␣4-PP2A complex regulates the subcellular localization and transcriptional activity of GLI3 in cancer cell lines (16, 17) . However, our data also suggested that this regulation indirectly involves other GLI3-interacting proteins. Because the Fu kinase promotes the nuclear localization of GLI proteins (11) and is up-regulated in cancer cells (20) , we tested for a putative involvement of Fu in the regulation of GLI3 subcellular localization and activity. HeLa and U373MG cells were co-transfected with GFP-tagged GLI3 (GFP-GLI3) and either nonsilencing or three different Fu specific siRNA oligonucleotides and analyzed for GLI3 subcellular localization by light microscopy as described previously (16, 17) . The transcriptional activity of GLI3 was monitored by real time PCR of the GLI3 target cyclin D1 and in a reporter assay using a construct in which eight GLI-binding sites are fused to a luciferase gene. As shown in Fig. 1 , Fu knockdown led to significant reduction of the nuclear localization of GFP-GLI3 (concomitantly, fractions of cells with cytosolic GLI3 were increased) ( Fig. 1A ) and GLI3 transcriptional activity as measured by expression of the GLI3-target cyclin D1 by real time PCR (Fig. 1B) and in a luciferase reporter assay (Fig. 1C) . The efficiency of the knockdown procedure was monitored by real time PCR amplifying the endogenous Fu mRNA and by Western blot (Fig. 1B) . In our previous studies, we have shown that the MID1 complex, similar to Fu, regulates the subcellular localization and activity of GLI3 (16, 17) . Because our data also suggested that this regulation is indirect and involves another GLI3-interacting protein, we hypoth- esized that Fu and MID1 could interact, regulating GLI3 subcellular translocation and maturation.
Fu Interacts with the Ubiquitin Ligase MID1-To assess a putative physical interaction between Fu and the MID1 protein complex co-immunoprecipitation experiments with HeLa cell lysates overexpressing Fu-V5 and FLAG-MID1 using V5 antibodies, FLAG antibodies, and unspecific immunoglobulins as negative control were performed. Subsequently, immunoprecipitates were analyzed on Western blots. A clear co-purification of Fu-V5 and FLAG-MID1 was detected, indicating that both proteins are part of the same protein complex (Fig. 2A) . Interestingly, in the FLAG immunoprecipitate, not only fulllength Fu-V5 was co-purified, but also a high molecular weight ladder was detected, indicating post-translational modification of Fu-V5 when interacting with MID1.
Because MID1 is a ubiquitin ligase, ubiquitination was one possibility of how Fu could be post-translationally modified when complexing with MID1. This hypothesis is supported by observations of Kise and colleagues (21), who have described that Fu is ubiquitinated in mammalian cell lines. To investigate whether MID1 acts as an E3 ubiquitin ligase catalyzing the ubiquitination of Fu, in vitro ubiquitination assays were performed. In these assays, immunopurified FLAG-MID1 (as putative E3 enzyme) and immunopurified HA-Fu (as substrate) were incubated together with an E1 enzyme and a panel of E2 enzymes in a buffer containing biotinylated ubiquitin. Ubiquitination of Fu was visualized on Western blots using HRPstreptavidin. As negative controls, HA-Fu and E1 and E2 enzymes were incubated with FLAG immunoprecipitate obtained from HeLa cells without MID1-FLAG expression. Ubiquitination of HA-Fu could be detected with the E2 enzymes UbcH5a, UbcH5b, and UbcH5c (Fig. 2B) . Importantly, this ubiquitination was significantly enhanced in the presence of immunopurified MID1. These data suggest that MID1 indeed has E3 ubiquitin ligase activity on Fu. 6 , Lys 48 , and Lys 63 Linkage and Is Mediated by the MID1 Ubiquitin Ligase-Fu had previously been shown to be ubiquitinated and degraded via the proteasome (21) . In confirmation of these data, we performed co-immunoprecipitation of HA-tagged Fu and FLAG-tagged ubiquitin from cells that were incubated in the presence of the proteasome inhibitor MG-132. The enrichment of polyubiquitinated Fu that was detected after incubation with the proteasome inhibitor MG-132 (Fig. 3A) indicates a role of the proteasome in the metabolism of ubiquitinated Fu.
Fu Polyubiquitination Involves Lys
Polyubiquitin chains are covalently linked via isopeptide bonds using one of seven lysines in the ubiquitin protein. The best studied polyubiquitin chains, linked via Lys 48 , target proteins for degradation by the proteasome. However, chains can also be linked via any other of the six lysines in ubiquitin (e.g. Lys To analyze the nature of the ubiquitin chain in vitro ubiquitination assays using WT ubiquitin, ubiquitin containing only Lys 48 , ubiquitin containing only Lys 63 , or ubiquitin in which all Lys residues had been mutated to arginine (KO) were performed. Ubiquitination of HA-tagged Fu could be detected with WT, Lys 63 , and Lys 48 ( Fig. 3B ) and was significantly increased after addition of immunopurified MID1 (2.8 Ϯ 0.5-fold increase for WT, 3.5 Ϯ 0.5-fold increase for Lys 63 , and 3.4 Ϯ 0.6-fold increase for Lys 48 ). In this kind of assay, a band of monoubiquitinated Fu would be expected to appear in the KO sample if the polyubiquitin chain is added onto Fu in a stepwise manner. After long exposure times of the same blots, a very faint band was seen in the KO lane (data not shown). The reason for this very weak appearance might be either a fast turnover of monoubiquitinated into polyubiquitinated Fu. Alternatively, Fu could get ubiquitinated by Immunoprecipitates were analyzed by Western blot. FLAG-MID1 (lower panel) and Fu-V5 (upper panel) were detected using the respective antibodies. The full-length FLAG-MID1 and Fu-V5 bands, as well as shorter Fu-V5 fragments and a high molecular weight Fu-V5 smear are depicted. B, in vitro ubiquitination of HA-Fu. HA-Fu was incubated with an E1 enzyme, with a panel of 11 different E2 enzymes (UbcH1, UbcH2, UbcH3, UbcH5a, UbcH5b, UbcH5c, UbcH6, UbcH7, UbcH8, UbcH10, and Ubc13), and with (right panels) or without (left panels) the E3 enzyme MID1 and analyzed on a Western blot. The binding of biotinylated ubiquitin to HA-Fu was visualized using HRP-streptavidin (upper panels). To show equal loading of HA-Fu to each reaction, the same membranes were incubated with anti-HA antibodies (lower panels). The full-length HA-Fu bands, as well as shorter HA-Fu fragments (asterisk), are depicted. NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 preassembled polyubiquitin chains. Some E2 enzymes are capable of preforming polyubiquitin chains on their active site cysteine, which are then transferred en bloc onto the substrate (22, 23) . Taken together, these data clearly show that MID1 is able to catalyze both Lys 48 -and Lys 63 -linked ubiquitination of Fu in vitro.
MID1 Catalyzes Ubiquitination and Cleavage of Fu
To figure out whether one mixed polyubiquitin chain or two independent polyubiquitin chains (one linked via Lys 48 and another one linked via Lys 63 ) exist on the Fu protein, we immunopurified Fu-V5 and analyzed it by mass spectrometry. We identified only one lysine residue (Lys 24 ) to be modified by ubiquitin. However, because sequence coverage in this experiment was only ϳ50%, this did not rule out the existence of other ubiquitinated residues. Therefore, we performed an in vitro ubiquitination assay using methylated ubiquitin. Methylated ubiquitin cannot be linked into polyubiquitin chains, and therefore incorporates as a single ubiquitin-moiety, allowing the separation of molecules that are ubiquitinated on several sites by their molecular weight. In vitro ubiquitination of Fu with methylated ubiquitin revealed a single band at a slightly increased molecular weight, suggesting the presence of only one ubiquitination site (Fig. 3C) . To further strengthen the hypothesis that Fu gets ubiquitinated at a single lysine residue, Lys 24 , we used a Fu deletion construct that lacks amino acids 8 -100 (⌬8 -100). We performed co-immunoprecipitation of V5-tagged Fu (fulllength and ⌬8 -100) and FLAG-tagged ubiquitin. Full-length Fu was detected in the FLAG immunoprecipitate, whereas ⌬8 -100 was not detectable, suggesting that this construct is ubiquitinated (Fig. 3D) . Together, these data suggest the presence of a single polyubiquitination chain linked to Lys 24 of Fu including both Lys 48 -and Lys 63 -linked ubiquitin molecules. However, these results do not preclude that this ubiquitin chain also contains ubiquitin molecules that are linked via one of the other five lysines of ubiquitin. To assess this, we have performed an in vitro ubiquitination assay using ubiquitin mutants in which all but one of the lysine residues have been mutated. In this experiment MID1 also catalyzed linkage with a mutant that only contained Lys 6 (Fig. 3E) . To verify this, we performed coimmunoprecipitation of V5-tagged Fu and FLAG-tagged WT ubiquitin, as well as ubiquitin that contained only Lys 6 . Fulllength Fu was detected in the FLAG immunoprecipitate of both WT and Lys 6 ubiquitin (Fig. 3F) . Taken together, our data suggest the presence of a single polyubiquitination chain linked to Lys 24 of Fu including Lys 6 -, Lys 48 -, and Lys 63 -linked ubiquitin molecules.
RING finger domains are a characteristic signature of many E3 ubiquitin ligases (24) . To analyze whether the catalyzing effect of MID1 on the ubiquitination of Fu is mediated by the RING finger domain of MID1, a MID1 deletion construct lacking amino acids 1-196 was used in a similar in vitro ubiquitination assay as described above. In confirmation of a direct effect of the MID1-RING finger on its ubiquitin ligase activity, a clear reduction of Fu ubiquitination was detected, when immunopurified ⌬RING MID1 instead of WT MID1 was added to the assay (Fig. 3G) . Similar loading of wild type and ⌬RING MID1 was controlled on Western blots (data not shown).
The previous experiments indicate that the MID1 protein is responsible for the transfer of ubiquitin onto Fu. This could be confirmed in a knockdown experiment performed in HeLa cells after co-expressing Fu-V5 and HA-ubiquitin and either nonsilencing or two different MID1 specific siRNA oligonucleotides. Fu-V5 immunoprecipitates were analyzed on a Western blot for conjugated HA-ubiquitin. Clearly, whereas in the nonsilencing control sample polyubiquitination of Fu-V5 was quite pronounced, it was significantly reduced in the MID1 knockdown samples. The efficiency of the knockdown procedure was checked on a Western blot using MID1 antibodies (Fig. 3H) .
Fu Is a Target of Proteasome-dependent Site-specific Cleavage-Notably, both in the in vitro ubiquitination assays and when immunoprecipitating Fu-V5 ( Fig. 2A, third lane) , apart from full-length Fu-band and high molecular polyubiquitinsmear, smaller protein bands were detected. These bands could potentially refer to cleavage products of Fu. To analyze whether Fu is target of cleavage in the cell, Fu-V5 was immunopurified and put on a Coomassie-stained SDS gel. Detectable bands, several of which were congruent with the bands picked up by the anti-V5 antibody, were analyzed by mass spectrometry (Fig.  4A and Table 3 ). Fu isoforms were detected in three of the analyzed samples. Furthermore, in the 145-kDa Fu-V5 band, ubiquitin was detected, confirming ubiquitin-specific modification of Fu. A protein entity detected at ϳ80 kDa turned out to be a previously described interaction partner of Fu, HSP90 (21) (Fig. 4A, band marked with asterisk) , which further confirms the specificity of the reaction. To show equal loading of HA-Fu to each reaction, the same membranes were incubated with anti-HA antibodies (lower panel). C, in vitro ubiquitination of HA-Fu. HA-Fu was incubated either without or with a mixture of an E1 enzyme, the E2 enzyme UbcH5b, the E3 enzyme MID1, and methylated ubiquitin and analyzed on a Western blot. The binding of methylated ubiquitin to HA-Fu induced a shift in the molecular weight, which was detected with HA antibodies. D, immunoprecipitation of Fu-V5 conjugated to FLAG ubiquitin. Full-length Fu-V5 or a deletion construct lacking amino acids 8 -100 (⌬8 -100) was co-expressed with FLAG ubiquitin. Ubiquitinated proteins were purified by immunoprecipitation using anti-FLAG beads. Ubiquitinated Fu was then detected on Western blots using V5 antibodies. E, in vitro ubiquitination of Fu-V5. Fu-V5 was incubated either without or with a mixture of an E1 enzyme, the E2 enzyme UbcH5b, the E3 enzyme MID1, and different ubiquitin mutants in which either all (KO) or all but one lysine have been mutated. Samples were analyzed on a Western blot on which ubiquitin (upper panel) or Fu-V5 (lower panel) was detected. F, immunoprecipitation of Fu-V5 conjugated to FLAG ubiquitin. Full-length Fu-V5 was co-expressed with either WT FLAG ubiquitin or FLAG ubiquitin in which all lysines apart from Lys 6 were mutated. Ubiquitinated proteins were purified by immunoprecipitation using anti-FLAG beads. Ubiquitinated Fu was then detected on Western blots using V5 antibodies. G, in vitro ubiquitination of His-Fu with an E1 enzyme, the E2 enzyme UbcH5b, and the E3 enzyme MID1 as described for Taken together, these data indicate that overexpressed Fu-V5 undergoes multiple site-specific cleavage steps, which result in at least three different isoforms of 145, 130, and 90 kDa. Because the 130-and 90-kDa Fu isoforms could only be detected when using C-terminally V5-tagged Fu but not with N-terminally tagged HA-Fu (Fig. 4B) and according to the were analyzed on Western blots using the affinity-purified Fu antibody. E, immunoprecipitation of FLAG ubiquitin and detection of ubiquitin-coupled endogenous Fu. HeLa cells were transfected with either WT FLAG ubiquitin or ubiquitin proteins in which all lysines have been mutated to arginine (KO) or in which either Lys 48 or Lys 63 have been mutated to arginine (K48R or K63R). All ubiquitinated proteins from the lysates of those cells were isolated by immunoprecipitation using anti-FLAGagarose or mouse IgG-agarose as negative control. Ubiquitinated endogenous Fu was then detected on Western blots using anti-Fu antibodies. F, immunoprecipitation of FLAG ubiquitin and detection of ubiquitin-coupled endogenous Fu as in E. Prior to immunoprecipitation, cells were incubated with or without the proteasome inhibitor MG-132. G, co-expression of HA ubiquitin and FLAG-MID1 wild type or FLAG-MID1 lacking amino acids . approximate molecular weights of the cleavage products, we concluded that cleavage sites are located in the N terminus of the protein cutting either within or directly C-terminal of the kinase domain. Interestingly, in the in vitro ubiquitination assay performed with N-terminally tagged Fu, a ubiquitination smear that migrates faster than the full-length, N-terminally tagged HA-Fu monomer was detected. One possibility to explain occurrence of these faster migrating Fu cleavage fragments could be dimerization of HA-tagged Fu and endogenous Fu in the HA immunoprecipitate. Formation of Fu dimers in the cell was proven by co-immunopurification of HA-and V5-tagged Fu (Fig. 4C) .
Cleavage and Ubiquitination of Endogenous Fu-For the analysis of endogenous Fu, a Fu-specific polyclonal antibody directed against amino acids 351-450 was generated. Specificity of the antibody was established in several different assays: (i) Fu was detected in lysates of either nontransfected HeLa cells or HeLa cells overexpressing Fu-V5. In Fu-V5-expressing HeLa cell lysates, the Fu antibody specifically detected the previously characterized bands corresponding to Fu-V5 in transfected cells. Among those were bands at a molecular mass of ϳ90 kDa. In nontransfected cells, however, although bands of 90 kDa were picked up, full-length Fu was not detected (Fig. 4D). (ii) Preincubation of the antibody with E. coli expressed and purified full-length Fu blocked off detection of only the 90-kDa signal (data not shown), indicating specificity of this band. (iii) Finally, specificity of the 90-kDa band was further confirmed in a knockdown approach in which the signal was significantly reduced after Fu-specific knockdown compared with the nonsilencing control sample (Fig. 1) . Taken together, these data show that the produced antibody detects a cleaved isoform of Fu in a set of different (cancer) cell lines, which seems to be the predominant Fu isoform in these cell lines. The established Fu antibody was then used to assess ubiquitination of endogenous Fu. HeLa cells were transfected with FLAG-tagged ubiquitin (either WT, K63R, K48R, or KO). Ubiquitinated proteins were immunoprecipitated using an anti-FLAG antibody, and immunoprecipitates were analyzed on a Western blot for the presence of endogenous Fu. In confirmation of the results we had obtained with HA-Fu, a significant number of ubiquitinated Fu species were detected. Expression of K48R or K63R ubiquitin mutants instead of WT ubiquitin still allowed Fu ubiquitination (Fig. 4E) . Application of the proteasome inhibitor MG132 prior to immunoprecipitation led to an accumulation of (monoubiquitinated) full-length Fu (145 kDa) (Fig. 4F) , which strongly suggests that the cleavage of Fu into its shorter protein isoform is mediated by the proteasome.
Furthermore, MID1 dependence of Fu ubiquitination/cleavage was demonstrated by overexpression of wild type MID1 in comparison to the inactive RING finger deletion construct in HeLa cells. Immunoprecipitation of HA-tagged ubiquitin and subsequent Western blot analysis of the immunoprecipitates with the anti-Fu antibody led to an increase of both polyubiquitinated Fu forms, as well as the expression of the cleaved 90-kDa fragment (Fig. 4G) . These data suggest that the MID1 ubiquitin ligase promotes both ubiquitin-dependent modification and cleavage of endogenous Fu. In line with this, MID1 knockdown led to stabilization of endogenous full-length Fu (Fig. 4H) .
N-terminally cleaved Fu promotes GLI3 nuclear localization and transcriptional activity-The final question we asked was whether the cleaved C-terminal Fu fragment is active in meditating the nuclear translocation and activation of the GLI3 transcription factor. To answer this question, we cloned a Fu deletion construct lacking amino acids 1-440 (which includes the Fu kinase domain) to mimic the 90-kDa Fu C-terminal cleavage product (⌬N-term). This construct, as well as a corresponding constructs containing only the isolated kinase domain of Fu or the full-length Fu, was used to analyze effects on the subcellular localization of GLI3. Interestingly, the ⌬N-term construct was able to increase the nuclear localization of GLI3 similarly to wild type Fu, whereas co-expression of the isolated kinase domain did not induce such an effect (Fig. 5A ). In line with this, the transcriptional activity of GLI3 also increased significantly after co-expression of full-length Fu, as well as the ⌬N-term Fu construct (Fig. 5B) . By contrast, inhibiting Fu cleavage by blocking the proteasome with N-acetyl-L-leucinyl-L-leucinal-L-norleucinal (LLnL) led to the opposite effect. GLI3 nuclear translocation is inhibited after such treatment (Fig. 5C ). This means that for GLI3 translocation, the kinase domain Fu is dispensable and that the cleaved product that we see in the different tumor cells is responsible for translocating GLI3 to the nucleus and for activating GLI3.
Taken together, these results show that, mediated by a protein-protein interaction between Fu and the ubiquitin ligase MID1, a mixed Lys6/Lys 48 /Lys 63 ubiquitin chain is added onto Fu. This ubiquitin modification mediates proteasomal cleavage of the molecule, producing a C-terminal Fu fragment that lacks the N-terminal kinase domain. The C-terminal fragment rather NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 than the full-length molecule seems to play the active part in mediating the nuclear translocation and maturation of GLI3 into an active transcriptional regulator. Our data provide a cellular function for Fu, a regulatory mechanism underlying the subcellular transposition of the transcriptional activator GLI3 that links the MID1 ubiquitin ligase with GLI3, Fu, and SHH signaling.
DISCUSSION
Fu is an essential component of Hh signaling in Drosophila, but the biochemical functions of mammalian Fu remain as yet unclear. Here, we show that human Fu controls the subcellular localization and transcriptional activity of GLI3 in cancer cell lines. Furthermore, we found that the MID1 protein complex, which we have previously shown to regulate GLI3 signaling (16, 17) , interacts with Fu and catalyzes its ubiquitin-dependent modification and site-specific cleavage. A ⌬N-term fragment is produced by the proteasome upon MID1-dependent ubiquitination that is capable of regulating GLI3, suggesting a kinase domain-independent mode of action of Fu on GLI3.
Fu Regulates GLI3 Signaling-The role of mammalian Fu in GLI regulation has been discussed controversially. Although some studies suggest that Fu is dispensable for the regulation of GLIs, because it has little or no effect on GLI activities (12) , others have shown that human Fu binds to GLI1, GLI2, and GLI3 and promotes nuclear localization of GLI1 and GLI2 (11) . Furthermore, human Fu was shown to enhance reporter activities of GLI1 and GLI2 (21) . We show here that depletion of Fu leads to cytosolic retention and decreased transcriptional activity of the transcription factor GLI3, an effector molecule of SHH signaling. An explanation for these contradictory results could be tissue/cell specificity of the function(s) of Fu. In this study, we have used human cancer cell lines (HeLa and U373MG), in which autonomously activated SHH signaling was observed (16) . In these cell lines, the subcellular localization and activity of GLIs might be regulated differently from cell lines without autonomously activated SHH signaling.
Fu Ubiquitination-Polyubiquitination and proteasomal degradation of Fu have been demonstrated previously (21) . In confirmation of these data, we show here polyubiquitination of Fu, which increases after proteasomal inhibition. Although theoretically all seven lysines of ubiquitin can contribute to the assembly of ubiquitin molecules and a variety of polyubiquitin chains of diverse length and linkages can be produced (25, 26) (29) , and Lys 63 chains were reported to accumulate after proteasomal inhibition (30, 31) . The latter has been confirmed in this study. The Fu protein not only seems to be modified with ubiquitin molecules linked via Lys 6 , Lys 48 , and Lys
63
, but also these types of linkage appear to be connected with proteasomal degradation and site-specific cleavage of Fu. However, our data do not exclude the existence of linkage via the N-terminal amino group of methionine, because we have only tested linkage via different lysine residues in this study.
Fu Is a Target of Site-specific Cleavage by the ProteasomeWe show here that the Fu protein is cleaved into shorter protein fragments. Cleavage events regulating the activity of proteins of the SHH pathway have been described for SHH or GLI3 as well. Although cleavage of full-length SHH is necessary to form the active SHH-ligand (3), which then binds its receptor PTC1, GLI3 cleavage into its repressor form takes place in the absence of a SHH signal (32) . We show here that ubiquitination of Fu mediates its proteasomal cleavage, forming a fragment that lacks the N-terminal serine/threonine kinase domain. Furthermore, we provide evidence that this ⌬N-term fragment rather than the isolated kinase domain or the full-length protein plays the active part in the regulation of the subcellular translocation of GLI3. This separates the GLI3 regulatory function of Fu from its kinase activity, supporting previous reports that also have suggested the existence of kinase domain-independent functions of Fu by using kinase-inactive Fu mutants (33) .
⌬N-term Fu Fragment: A Key in the Up-regulation of SHH in Cancer?-Interestingly, the cleaved Fu fragment represents the major endogenous protein isoform in all cancer cell lines we have analyzed in this study. This raises the question of whether Fu cleavage is a process that is enhanced in cancer cells. Kise et al. (21) showed Western blots of endogenous full-length Fu in COS7, HEK293, and PC3 cells; however the antibody used in this study (detecting amino acids 1-304) most probably would not be suitable to detect the C-terminal fragments that we detected with our antibody (detecting amino acids . This leaves open the question of whether cleaved Fu isoforms also exist in cell types other than those we have analyzed here. In the future, it will be interesting to see whether the predominant existence of the ⌬N-term Fu fragment is characteristic for cancer cells with autonomously activated SHH as has been shown for the cell lines used in this study. Autonomous SHH activation has been demonstrated to be an important growthstimulating factor in diverse cancers (34 -37). Dysregulation of Fu cleavage leading to an overproduction of the ⌬N-term Fu fragment and an autonomous translocation and activation of GLI3 would be a plausible mechanism to explain SHH overactivation in cancer cells. -linked chains. Furthermore, we found that the E2 enzymes UbcH5a, UbcH5b, and UbcH5c, together with the E3 enzyme MID1, ubiquitinate Fu most efficiently. This observation is in line with data from Napolitano et al. (39) , who observed that MID1 interacts, among others, with UBCH5a, UBCH5b, and UBCH5c in a yeast two-hybrid assay. Another example of a RING finger protein that can catalyze linkages via several lysine residues is MuRF1. MuRF1 was shown to catalyze different kinds of polyubiquitination events on its substrate troponin I: (i) Together with the E2 enzyme UbcH1, MuRF1 catalyzes the linkage of both pure Lys 48 -or Lys 63 -linked chains, which target the substrate for proteasomal degradation in vitro.
(ii) Together with the E2 enzyme UbcH5 MuRF1 catalyzes the linkage of a mixed forked chain, which includes Lys 48 , Lys 63 , and other linkages. However, these mixed forked chains have little capacity to target the substrate for proteasomal degradation (40) . Based on the observation that the corresponding E2 enzyme might control the type of the ubiquitin tail that is catalyzed by the RING finger protein, we think that MID1 together with UbcH5 catalyzes a mixed forked chain on the Fu protein, which mediates proteasome-dependent cleavage of the molecule into a ⌬N-term Fu fragment. This fragment then carries out Fu functions independently of its kinase domain. However, because in all our in vitro ubiquitination assays, immunopurified MID1 was used, it cannot be fully excluded that the E3 ubiquitin ligase activity that promoted Fu ubiquitination was provided by a so far uncharacterized co-factor being tightly associated to the RING finger domain of MID1 that was not removed during immunopurification.
In summary, we have shown here that Fu is involved in the activation of SHH/GLI3 signaling in cancer cell lines. However, Fu knock-out mice do not show phenotypes that correlate with dysfunctional GLI3 signaling (14, 15) . One explanation for this discrepancy is that GLI3 signaling is differently regulated depending on the cellular background: although Fu is dispensable for GLI3 regulation during embryogenesis, it becomes an important regulator in adult, tumorogenic tissue. In cancer tissue, the cleaved GLI3-activating ⌬N-term fragment seems to be the most abundant isoform of Fu. Because both GLI3 activity and the ubiquitination of Fu are regulated by the MID1-complex, it is likely that the MID1-dependent regulation of GLI3 is indirect and mediated by the interaction between Fu and MID1 (Fig. 6) . In this scenario, MID1 catalyzes the ubiquitination of Fu, thereby promoting the production of the cleaved isoform.
The ⌬N-term isoform is necessary to promote formation of the full-length GLI3 activator, which translocates to the nucleus and activates its target genes. This is supported by the observation that all three, MID1 knockdown, Fu knockdown, and inhibition of proteasomal cleavage of Fu, lead to similar effects, which are the cytosolic retention and deactivation of GLI3. Because our data were collected in cancer cell lines, it is plausible to believe that the "overproduction" of cleaved Fu and the thereby induced "overactivity" of GLI3 might contribute to cancerogenesis and support tumor development, making the ⌬N-term Fu isoform an interesting new cancer target.
